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(54) Gas diffusion layer for solid polymer electrolyte fuel cell 

(57) A gas diffusion layer (14) for a solid polymer 
electrolyte fuel cell having a solid polymer electrolyte 

(11) and a catalyst layer (11a t 11b) disposed adjacent to Figure 2 

the solid polymer electrolyte, where the gas diffusion 
layer includes a carbon fiber woven doth (14a) having 
a surface and a coating (14b) of a fluororesin (such as 
polytetrafluoroethylene) containing carbon black on the 
surface, wherein the carbon fiber woven cloth is adapted 
to be disposed in the solid polymer electrolyte fuel cell 
such that the coating is adjacent to the catalyst layer in 
the solid polymer electrolyte fuel cell. Preferably, the 
coating penetrates no more than one-half the thickness 
of the carbon fiber woven cloth. Most preferably, the 
coating penetrates no more than one-third the thickness 
of the carbon fiber woven cloth. The carbon fiber woven 
cloth may be pre-treated with a water-repellent fluor- 
oresin (such as polytetrafluoroethylene), or with a mix- 
ture of a fluororesin and carbon black, to enhance water 
repellency. In another aspect, the invention provides a 
solid polymer electrolyte fuel cell including a solid poly- 
mer electrolyte having first and second surfaces, a cat- 
alyst layer disposed on each of the first and second sur- 
faces, and the gas diffusion layer of this invention dis- 
posed adjacent to said catalyst layer disposed on each 
of the first and second surfaces. 




PrtrHvd by Jouvv. 76001 RAWS (FR) 



*> us 



t 



EP 0 869 568 A1 



Description 

FIELD OF THE INVEMTIQM 



The present invention relates to a gas diffusion lay- 
er material for use in a solid polymer electrolyte fuel cell 
that makes use of a membrane electrode assembly of 
he type in which a catalyst layer is formed on the sur- 
face of a solid polymer electrolyte membrane. 

BACKGRO UND OF THE IMVPMnnu 

Electrodes produced by the following methods have 
been proposed in the past as electrodes for electro- 
chemical apparatuses in which a solid polymer electro- 
lyte is used. 

(1 ) A layer composed of a mixture of porytetrafluor- 
oethylene (PTFE) or another such water-repellent 
binder and carbon black is formed on the surface or 
in the internal voids of carbon paper or the like that 
has undergone a water repellency treatment with 
PTFE or the like, and a catalyst layer is formed on 
the surface of this first layer, after which this product 
is joined with a solid polymer electrolyte membrane 
by hot pressing or the like. 

(2) A paste-like or ink-like liquid, obtained by mixing 
a PTFE dispersion with a catalyst substance, or by 
mixing a solid polymer electrolyte resin solution, or 
a resin solution of a precursor substance thereof 
witha catalyst substance, is directly applied toasol- 
id polymer electrolyte membrane, and this coating 
is dried, heated, and molded, or is further molded 
by hot pressing. 

(3) A paste-like or ink-like liquid, obtained by mixing 
a PTFE dispersion with a catalyst substance, or by 
mixing a solid polymer electrolyte resin solution, or 
a resin solution of a precursor substance thereof 
with a catalyst substance, is applied over a release 
sheet, such as a PTFE sheet, and this coating is 
dried and heated, and the catalyst layerthus formed 
is joined by hot pressing or the like to a solid polymer 
electrolyte membrane, after which the release 
sheet is peeled off. 
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The present invention relates to a gas diffusion lay- 
er/collector that is used for a solid polymer electrolyte 
membrane electrode assembly formed by Method 2 or 
3 above, or by a similar method. 

Materials known in the past for use in a gas diffusion 
layer/collector such as this comprised carbon paper or 
carbon paper that had undergone a water repellency 
treatment, or a layer composed of carbon black mixed 
with a fluororesin (used as a binder/water repellant) and 
formed on the surface of this carbon paper, or this mix- 
ture packed into the pores of carbon paper. 

The use of carbon fiber woven cloth in place of this 
carbon paper has also been suggested <eg. U.S. Patent 



45 



55 



4,647.359 a nd Japanese Laid-open Patent Application 

However, a drawback to the known gas diffusion 
layers/collectors discussed above was that, although 
the conductivity in the surface direction was good since 
carbon paper has a structure in which carbon fibers are 
linked together with carbon, th e conducth/it v in the thick- 
ness direction was lower than that in th* w.,^ 

tioa As to the mechanical properties, the ngdity was- 
hy i. but ine maienai was relatively biillle and Itad p&X^ 
elasticity, so when more than a certain amount of pres- 
sure was applied in an attempt to ensure good electrical 
contact, the structure readily broke and the conductivity 
and air permeability decreased. Furthermore, although 
the structure of carbon paper did result i n good air per- 
meabilitvjn the thickness direction, t he a7r pe rmeability 
tn fre surface direction was not very good, so not mucR 
S 88 diffusion in the surface direction couldbe expected 
Consequently, gas diffusion was blocked by the rib pro- 
trusions that formed the gas channel in the fuel cell sep- 
arator, and as a result, there was a decrease in cell per- 
formance. 

A carbon fiber woven cloth, on the other hand is 
pliant, with none of the mechanical brittleness men- 
tioned above, and depending on the fiber structure and 
how the material is folded, it is possible to impart resil- 
ience in the thickness direction. H owever, a carbon fiber 
woven cloth has unsta ble electrical cc*itaH TTrTaTTs"re- 
s istance , b ecause the fibers are not fixed , 'and there is 
alsoWe danger that excessive pliancy will result in a 
loss of the form of contact with the electrolyte or catalyst 
electrode. I n view of this, it has been p roposed that a 
mixture composed of a fluororesin and laiboi) mum ba 
cun^u^ypacKeoimotne vudsu f ac^fpu i nuoi wuvyn - 
ciom when a conventiona l carbon fiber w oven n i nth ; c - 
jjsed. as di scussed in U.S. Patent 4 .647,359 and Jane. 
nese Laid-open Patent Application 58-165254 This 
method does indeed afford a certain amount of rigidity 
and stable conductivity, but because the voids are 
packed with a fluororesin and carbon black, which have 
poor gas permeability, the gas diffusion is particularly 
bad in the surface direction, so the advantage of using 
a carbon fiber woven cloth is lost. 

These gas diffusion layers/collectors have been in- 
vestigated in conjunction with fuel cells that make use 
of an electrolytic solution, and more specifically, prima- 
nly phosphoric acid types of fuel cells. Accordingly, the 
materials need to function not only as a gas diffusion 
layer, but also as an electrode, and have been proposed 
as materials having a catalyst in their structure. There- 
fore, these materials have not be studied for use in solid 
polymer electrolyte fuel cells that do not make use of an 
electrolytic solution, and so did not necessarily have an 
optimal structure for a gas diffusion layer/collector. 

The inventors arrived at the present invention as a 
result of investigation into a gas diffusion layer/collector 
that can be mass produced easily and that can be used 
optimally in a fuel cell not of a conventional type in which 
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a electrolytic solution is used as discussed above, but 
rather of a type in which a solid polymer electrolyte is 
used, and of a type in which a catalyst layer is Joined 
ahead of time with as lid electrolyte membrane, that is. 
a type in which the above-mentioned membrane elec- 
trode junction (2) or (3) is used. 

SUMMARY OF THE INVENTION 
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Because the electrolyte is solid in a solid polymer 
electrolyte fuel cell, if the fuel cell is a type that makes 
use of the type of membrane electrode Junction in (2) or 
(3) above, since the ton conductivity between the cata- 
lyst layer and the electrolyte membrane is already en- 
sured, the electrode does not need to be all that rigid as 
- long as electrical contact is sufficiently ensured, and it 
is actually more important that the gas diffusion layer 
include rib jsrolngions and have good drainage of the 
product'wIrteT^nd^ water that serves to en- 
sure good gas diffusion and ion conductivity over the 
entire surface. In light of this, the present invention fo- 
cused on a carbon fiber woven cloth, which intnnsically 
has good gas diffusion in the surface direction, is me- 
chanically pliant, and is resistant to compression, which 
therefore ensures good electrical contact in use in a fuel 
cell and this led to the inventors perfecting the present 
invention. Specifically, the present invention provides 
the following: 

a gas diffusion layer for a solid polymer electrolyte 
fuel cell having a solid polymer electrolyte and a catalyst 
layer disposed adjacent to the solid polymer electrolyte, 
where th e gas diffusion layer inclu des a carbon fiber wo- 
ven cloth having a s urface and a co ating of a fluororesin 
(Rucn as polyleliallumoethylene) containing carbon 
black on the surface, w herein the carbon tioer woven 
cloth is adapted to be disposed in the solid polymer elec- 
trolyte fuel cell such that the coating is adjacent to the 
catalyst layer in the solid polymer electrolyte fuel cell. 
Pre ferably, the coating penetrates no more than one- 
tiilfthelhickness of the carbon fiber w oven cloth. Most 
prof Arahlv. th e coating penetrates no more than one- 
th mrtneTRtcgness of the carbon tioer woven cloth. The 
carbon fiberwoven cloth may be pre-treated with a wa- 
ter-repellent fluororesin (such as polytetrafluoroethyl- 
ene), or with a mixture of a fluororesin and carbon black, 
to enhance water repellency. 

In another aspect, the invention provides a solid pol- 
ymer electrolyte fuel cell including a solid polymer elec- 
trolyte having first and second surfaces, a catalyst layer 
disposed on each of the first and second surfaces, and 
the gas diffusion layer of this invention disposed adja- 
cent to said catalyst layer disposed on each of the first 
and second surfaces. 

BRIEF DESCRIPTION OF T HE DRAWING 

Figure 1 is a schematic based on a cross sectional 
micrograph illustrating the structure of a carbon fib- 



aS 



40 



er woven cloth having a surface layer that is the gas 
diffusion layer of the practical example; 
Figure 2 illustrates a single-cell solid polymer elec- 
trolyte fuel cell that incorporates a gas diffusion lay- 
er; 

Figure 3 shows the results of a performance test tor 
the single-cell solid polymer electrolyte fuel cells in 
Practical Example 1 and Comparative Examples 1 
through 4: and 

Figure 4 shows the results of a performance test tor 
the single-cell solid polymer electrolyte fuel cells in 
Practical Example 2 and Comparative Example 5. 

DETAILED DESCRIPTION ™ THE INVENTION 

The term 'carbon fiber woven cloth* here refers to 
the product of weaving carbon fiber yams. The carbon 
fiber yams can be long fibers, the product of bundling 
these into the form of yams, or the like, but the use of 
so-called spun yams, in which these fibers are twisted, 
is ideal. This material does not necessarily have to be 
the product of weaving carbon fibers, and may also com- 
prise precursor fibers that can be carbonized, or may be 
these [precursor fibers] that have been woven and then 
carbonized. An example of a carbon fiber woven cloth 
such as this i s •AvCarbfr- made by the Y .S. firm ofTex- 
tron Sp^cjaJtyJAateriaJs, but other materials can also be 



useoTTheTeare no particular restrictions on how this 
cloth is woven or knitted, the structure of the yams, and 
so on. From the standpoints of the above-mentioned 
gas diffusion, conductivity, and the like, the thickness of 
the cloth should be from 0.1 to 1 mm. 

The layer composed of a fluororesin and carbon 
black that is formed on the surface of the carbon fiber 
woven cloth prevents the flooding of the catalyst layer 
by the product water or humidffication water during the 
operation of the fuel cell, rapidly supplies and removes 
the reaction gas, efficiently transmits the generated 
electricity to the carbon fiber woven cloth (which also 
serves as a collector), and serves as a butler layer that 
prevents the carbon fibers of the carbon fiber woven 
cloth from puncturing or breaking the catalyst layer or 
the solid polymer electrolyte membrane, and therefore 
needs to be a porous layer that is water repellent and 
electrically conductive and has a fairly smooth surface. 

An important point in the present invention is that 
this layer not penetrate more than one-half, and prefer- 
ably no more than one-third, of the thickness of the car- 
bon fiber woven cloth. If it penetrates any further, it will 
block the voids that serve as the gas channel in the sur- 
face direction of the carbon fiber woven cloth, and there 
will be a corresponding drop in gas diffusion perform- 
ance. Naturally, there will also be a decrease in gas dif- 
fusion performance if this layer is itself too thick. From 
the standpoints of gas diffusion and conductivity, it is 
preferable for this layer to be as thin as possible, but in 
terms of ensuring electrical contact with the catalyst lay- 
er, and ensuring that the layer will function as a buffer 
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layer, a range of 5 to 100 \w\ is suitable, with 10 t 40 
jim being even better. - 
This layer may be formed as follows. A mixture of 
carbon black and a fluororesin (a water-repellent binder) 
is made into a paste using water as a dispersant, after s 
which this paste is used to coat a release film ( such as 
a fluororesin), and the above-mentioned carbon fiber 
woven cloth is placed over the surface of this and heat- 
ed, which integrally molds the assembly, after which the 
release film is peeled off. Alternatively, a carbon fiber io 
woven cloth that has undergone a water repellency 
treatment so that the above-mentioned paste will not 
permeate into the woven cloth may be directly coated 
and dried, after which this product is heat treated, which 
forms the desired layer on the surface thereof. The wa- is 
ter repellency treatment here can be accomplished us- 
ing a fluororesin or another such water-repellent resin, 
or a common water repellant, or a mixture of this with 
carbon black (used as a conductive material), or the like, 
but the amount applied much be kept low enough that 20 
the voids between the carbon fibers will not be blocked. 
Since this treatment fixes the nodes between the fibers 
in the cloth to a certain extent, it also allows the rigidity 
of the cloth to be raised. It is also possible to mold a 
sheet from a fluororesin and carbon black, and then join zs 
this to a carbon fiber woven cloth. 

Regardless of the method employed, the mixing 
proportions (weight ratio) of the fluororesin and carbon 
black that make up the layer composed of a fluororesin 
and carbon black is set between 10:90 and 60:40, and 
preferably between 20:80 and 50:50. tf the amount of 
the fluororesin is less than" this, sufficient water repel- 
lency will not be obtained, the voids will be blocked by 
the product water and the like, and gas diffusion will be 
hindered. If the amount of carbon black is less than this, 3S 
sufficient conductivity will not be obtained, and the per- 
centage of void will also decrease, which interferes with 
gas diffusion. 

The term fluororesin" here refers to a resin that is 
water-repellent and contains fluorine in its structure, *o 
such as PTFE. PFA. FEP. and FTFF Meanwhile, as 
long as it is a material that is composed of carbon and 
has conductivity, any material can be used as the carbon 
black, including graphite. The carbon black may be car- 
bon staple fibers, or may be a mixture of these. *s 

The gas diffusion layer material of the present in- 
vention is used in fuel cells that make use of a solid pol- 
ymer electrolyte having an integrally formed catalyst lay- 
er, and the following are typical examples of this solid 
polymer electrolyte having an integrally formed catalyst so 
layer, although other types are also possible. 

A paste-like or ink-like liquid, obtained by mixing a 
PTFE dispersion with a catalyst substance, or by mixing 
a solid polymer electrolyte resin solution, or a resin so- 
lution of a precursor substance thereof, with a catalyst ss 
substance, is directly applied to a solid polymer electro- 
lyte membrane, and this coating is dried, heated, and 
molded, or is further molded by hot pressing (2); 



a paste-like or ink-like liquid, obtained by mixing a 
PTFE dispersion with a catalyst substance, or by 
mixing a solid polymer electrolyte resin solution, or 
a resin solution of a precursor substance thereof, 
with a catalyst substance, is applied over a release 
sheet, such as a PTFE sheet, and this coating is 
dried and heated, and the catalyst layer thus formed 
is joined by hot pressing or the like to a solid polymer 
electrolyte membrane, after which the release 
sheet is peeled off (3); or 

a solid polymer electrolyte membrane electrode 
junction is molded by a method similar to those 
above. 

A favorable example is discussed in Japanese Laid- 
open Patent Application 8-162132. Specifically, this is 
a solid polymer electrolyte/electrode junction character- 
ized by the fact that a solid polymer electrolyte com- 
posed of drawn porous polytetrafluoroethylene and a 
macromolecular electrolyte resin that is contained in the 
pores thereof is integrally formed on the surface of an 
electrode, or an electrode/solid polymer electrolyte/ 
electrode junction in which electrodes are integrally 
formed on both sides of a solid polymer electrolyte. 

The present invention will now be described 
through practical examples. ; 

Practical Examples 

In all of the following practical examples, the mem- 
brane electrode (catalyst layer) assembly included Gore 
Select™ (20 u/n thickness), available through Japan 
Gore-Tex, which was impregnated with perfluorosulfon- 
tc acid resin and used as the solid electrolyte mem- 
brane, and a platinized carbon in perfluorosulfonic acts 
resin (Pt: 0.3 mg/cm 2 ), which was used as the catalyst 
layer (electrode). The Gore Select membrane was 
sandwiched between two catalyst layers and hot- 
pressed, which joined the catalyst layers to both sides 
of the Gore Select, and these sides were used as the 
anode and cathode. The membrane/electrode assem- 
bly is available from Japan Gore-Tex under the trade- 
mark PRIMEA™. 

Practical Example 1 

The carbon fiber woven cloth used here had a thick- 
ness of approximately 40 microns (AvCarb®) and was 
woven in a plain weave using yarns of 45 bundled fila- 
ments with a diameter o f 7.5 micron s. A dispersion for 
the water repellency treatment of this cloth was readied 
by thoroughly mixing 50 g of carbon black (acetylene 
black, available from Denkikagakukogyo Kabushikikai- 
sha under the trademark "Denka Black") and 25 g (resin 
component) of a PTFE dispersion (55% solids, available 
from Daikin Industries, Ltd. under the trademark "D-1") 
with 1 L of water to which about 5 wt% nonionic sur- 
factant (available from Union carbide Corp. under the 
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trademark Triton X-100') had been added, and the 
above-mentioned carbon fiber woven doth was im- 
mersed in this dispersion. The excess liquid was 
squeezed out of the carbon fiber cloth by nipping the 
cloth with rubber rolls. The cloth was then air dried, after 
which it was heated for 30 minutes at 370° C t o melt the 
PTFE, which fixed the carbon black and carbon fibers 
and, at the same time, decomposed and removed the 
surfactant, and this yielded a water-repellent carbon fib- 
er woven cloth. 

Next, 1 5 g of the same carbon black and 7 g (resin 
component) of the same PTFE dispersion were added 
to 100 g of water that again contained the same amount 
of the same nonionic surfactant, and these components 
were thoroughly dispersed to obtain a dispersion. This 
dispersion was dripped onto the water-repellent carbon 
fiber woven cloth readied previously, and after it had 
been confirmed that the dispersion did not seep into the 
woven cloth, a thin coat was brushed onto the surface 
of the water-repellent carbon fiber woven cloth. 150*C 
hot air was directed at this product to remove the water, 
and this product was heat treated for 40 minutes at 
370° C, which formed a water-repellent conductive po- 
rous layer composed of PTFE and carbon black on the 
surface of the carbon fiber woven cloth, and yielded the 
gas diffusion layer material of a practical example of the 
present invention. 

It was confirmed from a cross sectional micrograph 
(x 100) of the gas diffusion layer in this practical example 
of the present invention that the layer 1 composed of 
PTFE and carbon black only slightly penetrated the car- 
bon fiber woven cloth 2 composed of warp yams 2a and 
weft yams 2b, penetrating no more than one-third of the 
carbon fiber woven cloth. Figure 1 is a schematic based 
on this cross sectional micrograph. The extent to which 
the layer composed of PTFE and carbon black pene- 
trates the carbon fiber woven cloth can be adjusted by 
selection of the conditions in the water repellency treat- 
ment of the carbon fiber woven cloth and so on. 

Next, a single-cell solid polymer electrolyte fuel cell, 
which incorporated the gas diffusion layer of the present 
invention, was put together as shown in Figure 2 using 
the above-mentioned junction (gas diffusion layer/col- 
lector) comprising a catalyst layer joined to both sides 
of Gore Select, and the following performance test was 
conducted, the results of which are given in Figure 3 (1 ). 

In Figure 2, the above-mentioned gas diffusion lay- 
er/collector 14 was positioned on both sides of a mem- 
brane/electrode junction 11 in which the catalyst layers 
11a and 11b were integrated, this was sandwiched be- 
tween separators 12, and a single-cell solid polymer 
electrolyte fuel cell was assembled according to con- 
ventional assembly techniques. The gas diffusion layer/ 
collector 14 had the water-repellent conductive layer 
1 4b on the inside, and the carbon fiber cloth 4a on the 
outside. Gas channels were formed in the separators 
12. 13 is a gasket. 

A performance test was conducted using this cell, 



6 

which was operated at a cell temperature f 70°C, an 
anode/cathode gas humidification temperature of 70°C, 
and a gas pressure of atmospheric pressure, and using 
hydrogen and air as the gas. 

£ 

Comparative Example 1 

This example was the same as Practical Example 
1 , except that carbon paper that had a thickness of 180 
io microns and that had undergone a water repellency 
treatment was used as the gas diffusion layer. The sin- 
gle cell thus obtained was evaluated, the results of 
which are given in Figure 3 (2). 



This example was the same as Practical Example 
1 . except that the water repellency-treated carbon fiber 
woven cloth used in Practical Example 1 was used as 
20 the gas diffusion layer without first having a layer com- 
posed of a fluororesin and carbon black formed on its 
surface. The single cell thus obtained was evaluated, 
the results of which are given in Figure 3 (3). 



Other than using water repellency-treated carbon 
paper instead of a carbon fiber woven cloth, a gas dif- 
fusion layer was produced in the same manner as in 
30 Practical Example 1 . The single cell thus obtained was 
evaluated, the results of which are given in Figure 3 (4). 

Comparative Example 4 

35 A commercially available gas diffusion layer mate- 
rial (ELAT® made by the U.S. firm of E-TEK) having, a 
structure in which a carbon fiber woven cloth was 
packed throughout its thickness direction with a water- 
repellent conductive material was used as the gas dif- 
40 fusion layer in Practical Example 1 . The single cell thus 
obtained was evaluated, the results of which are given 
in Figure 3 (5). 

Practical Example 2 and Comparative Example 5 

4S 

The single cell evaluations conducted in Practical 
Example 1 and Comparative Example 4 were evaluated 
by varying the utilization rate of the reaction gas (con- 
ditions A: 50% hydrogen utilization rate, 30% air utiliza- 
so tion rate; conditions B: 80% hydrogen utilization rate, 
50% air utilization rate), and the results thus obtained 
(Practical Example 2 and Comparative Example 5) are 
shown in Figure 4 as (1)-a. (1)-b, (2)-a, and (2)-b, re- 
spectively. 

ss it can be seen from these results that when the cell 
potential was 0.6 V, performance only decreased by 
about 10% with the product of the present invention 
even at a high reaction gas utilization rate, whereas the 
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performance dropped t almost 50% with the gas diffu- 
sion layer material of Comparative Example 4. In ther 
words, the good gas diffusion capability of the product 
of the present invention was corroborated. 

The present invention provides a gas diffusion layer s 
material for a solid polymer electrolyte fuel cell, which 
has good gas diffusion in the surface direction, is me- 
chanically pliant, and is resistant to compression, which 
therefore ensures good electrical contact 

10 

Claims 

1 . A gas diffusion layer for a solid polymer electrolyte 
fuel ceil having a solid polymer electrolyte and a cat- is 
alyst layer disposed adjacent to the solid polymer 
electrolyte, the gas diffusion layer comprising a car- 
bon fiber woven cloth having a surface and a coat- 
ing of a fluororesin containing carbon black on said 
surface, wherein said carbon fiber woven cloth is 20 
adapted to be disposed in the solid polymer elec- 
trolyte fuel cell such that said coating is adjacent to 
said catalyst layer in the solid polymer electrolyte 
fuel cell. 

2S 

2. A gas diffusion layer as defined in Claim 1 , wherein 
said coating penetrates no more than one-half the 
thickness of the carbon fiber woven cloth. 

3. A gas diffusion layer as defined in Claim 1 , wherein 30 
said coating penetrates no more than one-third the 
thickness of the carbon fiber woven cloth. 

4. A gas diffusion layer as defined in Claim 1 , wherein 

the carbon fiber woven cloth is p re-treated with a as 
water-repellent fluororesin. 

5. A gas diffusion layer as defined in Claim 1 , wherein 
the carbon fiber woven cloth is pre-treated with a 
mixture of a fluororesin and carbon black to en- <o 
nance water repellency. 

6. A gas diffusion layer as defined in Claim 1 , wherein 
said fluororesin is polytetrafluoroethylene. 

45 

7. A gas diffusion layer as defined in Claim 4, wherein 
said water-repellent fluororesin is polytetrafluor- 
oethylene. 

8. A solid polymer electrolyte fuel cell comprising a so 
solid polymer electrolyte having first and second 
surfaces, a catalyst layer disposed on each of said 
first and second surfaces, and a gas diffusion layer 

as defined in Claim 1 disposed adjacent to said cat- 
alyst layer disposed on each of said first and second ss 
surfaces. 
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Figure 3 
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Figure 4 
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